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Requisite to growing stoichiometric perovskite thin films of the solid-solution A01-xAxBO3 by
hybrid molecular beam epitaxy is understanding how the growth conditions interpolate between the
end members A’BO3 and ABO3, which can be grown in a self-regulated fashion, but under different
conditions. Using the example of La1-xSrxVO3, the two-dimensional growth parameter space that is
spanned by the flux of the metal-organic precursor vanadium oxytriisopropoxide and composition,
x, was mapped out. The evolution of the adsorption-controlled growth window was obtained using
a combination of X-ray diffraction, atomic force microscopy, reflection high-energy electron-dif-
fraction (RHEED), and Rutherford backscattering spectroscopy. It is found that the stoichiometric
growth conditions can be mapped out quickly with a single calibration sample using RHEED. Once
stoichiometric conditions have been identified, the out-of-plane lattice parameter can be utilized to
precisely determine the composition x. This strategy enables the identification of growth conditions
that allow the deposition of stoichiometric perovskite oxide films with random A-site cation mix-
ing, which is relevant to a large number of perovskite materials with interesting properties, e.g.,
high-temperature superconductivity and colossal magnetoresistance, that emerge in solid solution
A01-xAxBO3. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962388]
Electronic phases that emerge by chemically interpolat-
ing between two compounds with dissimilar ground states
represent some of the most fascinating and widely studied
areas of condensed matter physics and materials science.
This ranges from metal-to-insulator (MIT) transitions,1
emergence of high-temperature superconductivity,2 topologi-
cal phase transitions,3–5 novel coupled MIT-magnetic
phases,6 optimization of band gaps, band offsets, and lattice
parameters in semiconductors,7 and optimization of piezo-
electricity and ferroelectricity.8 This is particularly true for
the transition metal oxides (TMO) class of materials where
high-temperature (high-TC) superconductivity emerges at the
boundary between a Mott insulator and Fermi liquid, like
the first discovered high-TC material La1-xBaxCuO4,
9 and
the colossal magneto-resistance effect found in compounds
like La1-xSrxMnO3.
10–12 Further, alloying is used to position
materials close to a morphotropic phase boundaries to
maximize ferroelectric and piezoelectric responses, e.g.,
Pb(Zr1-xTix)O3, a key material in capacitors, piezoelectric
actuators, and transducers.8
Of interest here is the Mott transition between the
d2 Mott insulator LaVO3 and the strongly correlated d
1
metal SrVO3.
13,14 For the A-site cation mixed compound
La1-xSrxVO3 tuning, the La-to-Sr ratio (herein referred to as
composition, rather than stoichiometry which will be
reserved to refer to the (LaþSr)-to-vanadium ratio) effec-
tively changes the band filling, which, in turn, drives an
insulator-to-metal transition that is accompanied by an
antiferromagnetic-to-paramagnetic order transition and melt-
ing of an orbitally ordered state.15 The key to harness and
understand many of the complex and intertwined properties
of TMOs in general, and La1-xSrxVO3 in particular, is to pre-
cisely control the synthesis of the materials to avoid con-
founding intrinsic properties with extrinsic disorder related
effects that can, for example, the ABO3 perovskite-based
materials, stem from deviations from the ideal A-to-B cation
ratio. Such extrinsic defects can compete with intrinsic
effects related to electron-electron correlations.16
In thin films, the growth of solid-solution oxide com-
pounds is challenging since the composition is difficult to
control. Techniques like sputtering and pulsed-laser deposi-
tion (PLD), both of which utilize stoichiometric targets, can
transfer material to the film in the correct ratio, but, when
materials are composed of elements with different volatil-
ities, the high incident energies used can preferentially eject
the more volatile element resulting in non-stoichiometric
films.17 Further, since these techniques rely on premixed tar-
gets, each composition requires a separate target, which
makes compositional studies difficult. In contrast, solid
source molecular beam epitaxy (MBE) makes use of thermal
evaporation of source material, which is orders-of-magnitude
lower in incident energy than sputtering and PLD, and simul-
taneously gives the ability to directly control the composition
to within 1% accuracy. This limited accuracy, however,
generates an additional challenge for MBE, which, for the
case of the perovskites, limits the accuracy of the stoichiom-
etry. Extending MBE to include metal-organic (MO) sources
for the B-site ion—called hybrid MBE (hMBE)—alleviates
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this difficulty for certain materials because an adsorption-
controlled growth regime, called a growth window, is
opened.18 The ever-expanding list of materials successfully
synthesized by hMBE now includes SrTiO3,
19 BaTiO3,
20
GdTiO3,
21 NdTiO3,
22 SrVO3,
23 LaVO3,
24 and BaSnO3
25 and
has proven to produce the highest-quality perovskite films
with the highest mobility in SrTiO3,
26,27 resulting in the
observation of quantum Hall effect,28 and the highest resid-
ual resistance ratio in SrVO3.
29
Unlike binary semiconductors, which also grow in an
adsorption controlled manner,30 the growth window for
hMBE perovskites is relatively narrow, and thus, careful flux
control is required. Further, determining the optimal condi-
tions requires the growth of many samples, each at a different
pressure of the MO gas source, which are then used to deter-
mine a minimum in lattice parameter. This time consuming
and tedious calibration method commonly applied to ternary
perovskite oxides is not practical for studying or optimizing
simultaneously with respect to multiple deposition variables,
as in the case of quaternary material systems. Although
Ba1-xSrxTiO3 has been grown for x¼ 0.19, 0.35, and 0.46 by
hMBE,31 a systematic study on the optimization of the growth
window with composition x is lacking. Here, we combine
solid source thermal effusion cells for La and Sr with vana-
dium oxytriisopropoxide (VTIP) for the vanadium source
to grow La1-xSrxVO3 thin film by hMBE in the entire compo-
sition range x¼ 0–1 on (001) (La0.3Sr0.7)(Al0.65Ta0.35)O3
(LSAT) substrates. Using a combination of X-ray diffraction
(XRD), atomic force microscopy (AFM), reflection high-
energy electron diffraction (RHEED), and Rutherford back-
scattering spectrometry (RBS), we show how the growth
window evolves as a function of dosed VTIP for different
compositions x of La1-xSrxVO3. Further, in contrast to previ-
ous growth window studies that required many samples,23,24
we find that the optimal growth conditions can also be deter-
mined quickly and reliably using a single calibration sample
and RHEED. This strategy paves the way towards a better
understanding of the growth window in hMBE by allowing
exploration of a larger growth parameter space that includes
commonly fixed growth parameters, such as growth tempera-
ture and growth rate.
Films were grown using a DCA M600 hMBE equipped
with thermal effusion cells for Sr and La, and gas injectors
for molecular oxygen and a metal-organic source for 99.99%
VTIP, which was supplied by maintaining a constant gas
inlet pressure, PVTIP, on the upstream side of the gas injector
(see Ref. 23 for more details); PVTIP will be used to reference
the growth conditions of the samples. Prior to growth, La
and Sr were calibrated in situ by a quartz crystal microbal-
ance (QCM) to target a total (LaþSr) flux of 2.50 1013
cm2s1. A-site composition x and thickness were measured
ex situ by RBS and XRD; any deviation from the targeted
A-site flux was accounted for by multiplying PVTIP by tar-
geted flux over the experimental flux. LSAT substrates were
cleaned in situ prior to the growth by heating them up to a
substrate temperature of 900 C, as measured by the thermo-
couple mounted between the substrate heater and substrate,
and exposing them for 10min to an oxygen plasma sup-
plied by a radio-frequency plasma source operated at 250 W.
After cleaning, all the films were deposited at a substrate
temperature of 900 C, in molecular oxygen with a back-
ground pressure of 5 107 Torr, and using a constant
deposition time that yielded a thickness of 26 nm (expect
the SrVO3 sample, which was 50 nm).
Previously it has been shown that the growth windows
exist for both LaVO3 and SrVO3.
23,24 The primary means to
identify this was to track the c-axis lattice parameter versus
PVTIP. Inside the growth window, the lattice parameter for
SrVO3 is constant and a minimum.
23 This can be explained
by the perovskite lattice which hosts non-stoichiometric
defects by creating vacancies on the other cation site.32 For
example, excess Sr and V are accommodated by the forma-
tion of SrO stacking faults (i.e., Sr1þ dVO3) and phase pre-
cipitation of rocksalt VOx in the SrVO3 film matrix;
33 both
of which cause expansion of the out-of-plane film lattice
parameter. In contrast, defect accommodation in LaVO3
from nonstoichiometric growth conditions caused a reduc-
tion of the out-of-plane film lattice parameter, thus enabling
the growth window to be identified by a constant and maxi-
mum film lattice parameter.24 Therefore, it is not clear which
defect accommodation mechanism will dominate and if a
maximum or minimum in lattice parameter is expected for
stoichiometric La1-xSrxVO3.
High-resolution 2h-x scans around the 002 LSAT peak
are shown in Fig. 1(a) for stoichiometric LaVO3, SrVO3,
La0.18Sr0.82VO3, La0.35Sr0.65VO3, and La0.65Sr0.35VO3, as
well as La0.70Sr0.30VO3 for a range of gas inlet pressures
PVTIP, which were obtained using Cu-Ka1 radiation. These
data allow extraction of the lattice parameter by tracking the
film peak position, as well as the film thickness for a subset
of films by extracting the periodicity of the Kiessig fringes.
FIG. 1. (a) 2h-x scans around the 002 LSAT substrate peak (2h 46.9) for
La1-xSrxVO3 films with various compositions listed from top to bottom
x¼ 0.00 (LaVO3), x¼ 0.30 (blue: V-deficient, black: stoichiometric, and red:
V-rich growth conditions), x¼ 0.35, x¼ 0.65, x¼ 0.82, and x¼ 1.00 (SrVO3).
(b) Out-of-plane lattice parameter versus PVTIP for La0.70Sr0.30VO3. (c)
La0.70Sr0.30VO3 film thickness extracted from the Kiessig fringes in (a), ver-
sus PVTIP.
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Figure 1(b) shows the c-axis lattice parameter extracted from
the 002 peak from the 2h-x scans for La0.70Sr0.30VO3. The
behavior for V-deficient and V-rich films is different. For
V-deficient films (PVTIP< 40.0 mTorr), the lattice parameter
sharply increased with increasing deviation from the growth
window, whereas for V-rich films (PVTIP> 49.0 mTorr),
it remained similar to the lattice parameter found within
the growth window. This makes XRD analysis unable to
determine the A:B cation stoichiometry; however, other
measures revealed that the film’s properties deteriorated for
La0.70Sr0.30VO3 grown with a PVTIP larger than 50.0 mTorr.
Figure 1(c) shows the film thickness extracted from the
Kiessig fringes34 of the 2h-x XRD scans in Fig. 1(a). For
V-deficient films, no fringes were observed, which was
attributed to the rough film surface morphology, as discussed
further below. For all other La0.70Sr0.30VO3 films with
PVTIP> 40 mTorr, Kiessig fringes were present, indicating
atomically flat surfaces. The thickness remained constant at
around 26 nm6 1.0 nm, irrespective of VTIP supply within
the growth window between PVTIP 40.0–50.0 mTorr. For
PVTIP above this range, the film thickness was found to
increase by 0.5 nm/mTorr. Together these confirm the exis-
tence of an adsorption-controlled growth window. The
majority of the error within the growth window likely stems
from uncertainty in the net flux as measured in situ by QCM,
which is significantly small compared to the increase in
thickness outside this regime.
Figure 2(a) shows selected RHEED images taken from
the x¼ 0.30 series at 900 C along the h110i (top row) and
the h100i (bottom row). With increasing PVTIP, a qualitative
change of the diffraction pattern was observed from
V-deficient (34.4 mTorr and 38.0 mTorr) to stoichiometric
(42.5 mTorr, 45.4 mTorr, and 45.8 mTorr) growth condition.
On the V-deficient side, the main diffraction spots in the
RHEED images appeared blurry and of low intensity, pro-
viding only a small contrast with respect to the background
intensity arising from diffuse scattering. Kikuchi lines were
hardly resolved which indicated a more disordered surface.
Along the h100i, V-deficient films showed an elongation of
the main diffraction spots, indicating a more pronounced sur-
face roughness. These features were absent in RHEED pat-
terns for films grown within the growth window. The
diffraction patterns were very sharp and showed well-defined
Kikuchi lines, no elongation of the main diffraction spots
into streaks were observed in the diffraction pattern taken
along h100i. In contrast to XRD, which could not distinguish
V-rich from stoichiometric growth conditions, V-rich films
(53.2 mTorr and 60.0 mTorr) showed degradation of the
RHEED pattern similar to V-deficient films. For the compo-
sition x¼ 0, i.e., SrVO3, RHEED revealed superimposed dif-
fraction patterns from intergrowth of additional crystalline
phases,23 and for the growth of SrTiO3 films surface recon-
struction taken at lower-than-growth-temperature have been
linked to the film’s stoichiometry35—neither diffraction fea-
tures from secondary phases nor surface reconstructions
were observed for La1-xSrxVO3 with x 0.8. To further cor-
roborate the RHEED analysis, AFM images of the surface
morphology for La0.7Sr0.3VO3 grown at these different PVTIP
are shown in Fig. 3(b). The surfaces of the stoichiometric
films were characterized by clear step-edge features with
root means square (RMS) values of 0.5 nm. In contrast,
both V-rich and V-deficient films had a more corrugated
surface morphology without step edges. In particular,
V-deficient films had round features with diameter 100 nm
that were roughly 1 nm in height.
We present data showing that the growth window can be
mapped entirely with the help of in situ RHEED using a sin-
gle calibration sample by growing repeated layers at different
PVTIP. Figure SI 2 (supplementary material) shows RHEED
images taken along the h100i and h100i for x¼ 0, 0.65, 0.82,
and 1.00, at various values of PVTIP. The length of each depo-
sition at a particular PVTIP was long enough, so that surface
structure reached equilibrium, which was typically 10 nm,
for example, see Fig. SI 3 in the supplementary material. This
iterative method is found to not produce surfaces that are
as pristine as films grown at a single PVTIP; however, by ana-
lyzing how the diffraction pattern changes one can reliably
extract the growth window. As shown in Fig. 3, the end
FIG. 2. (a) Reflection-high energy electron-diffraction patterns taken along the h110i (upper row) and h100i (bottom row) azimuth of La0.70Sr0.30VO3 films
grown at various PVTIP. (b) Corresponding atomic force microscopy images of La0.70Sr0.30VO3 films grown at various PVTIP.
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members LaVO3 and SrVO3 have growth windows from
RHEED that nearly coincide with the growth windows previ-
ously reported: SrVO3 PVTIP 45.0–52.5 mTorr23 and
LaVO3 PVTIP 39.0–42.5 mTorr (Ref. 24 reports samples
grown at 2.00 1013 cm2s1, which we just multiplied by
(2.50 1013)/(2.00 1013)). The slight difference between
the current report and the previous report likely stems from
slight differences in the VTIP source material or a technical
issue possibly due to drift in the zero point of the capacitance
manometer used to measure PVTIP. Nevertheless, applying
the same iterative strategy to intermediate members, we see
that, within error, the growth window is roughly constant
near the end members (x 0.3 and x 0.8) and becomes lin-
ear in between this (0.3< x< 0.8). The error bars that iden-
tify the edge of the growth window in Fig. 3 were estimated
based on the rough step size used for PVTIP 1.5 mTorr and
the uncertainty in distinguishing the features of the RHEED
patterns at adjacent values of PVTIP, and, therefore, we con-
servatively took them to be roughly 61.5 mTorr.
Finally, with the compositional dependence of the growth
window identified, Fig. 4 shows the c-axis lattice parameter
versus x for stoichiometric samples (black triangles) as well
as selected V-rich (red circles) and V-deficient (blue squares)
films. The composition was obtained from RBS measure-
ments taken from calibration samples for La1-xSrxVO3 films
grown under the same conditions on Al2O3 substrates (see
supplementary material). The choice of a different substrate
was necessary because the LSAT substrate contained both La
and Sr, which precluded quantification of La and Sr ratios
directly from the films grown on LSAT. Films grown on sap-
phire were found to be polycrystalline and yielded the compo-
sition x to within 1.5% accuracy. The out-of-plane lattice
parameter c(x) did not change linearly with composition, as
predicted from Vegard’s law36
aLSVOðxÞ ¼ aLVOð1 xÞ þ aSVOx; (1)
using aSVO¼ 3.825 A˚ and aLVO¼ 3.920 A˚, the lattice parame-
ter for SrVO3 and LaVO3 (pseudocubic), respectively, which
is in contrast to the linear dependence observed in bulk sam-
ples.13 The change in the lattice mismatch between film and
substrate with composition x needed to be considered here as
well because epitaxial mismatch and out-of-plane film lattice
parameter c are linked by the Poisson ratio  in the present
case of coherently strained films by
c ¼ af ð1 Þ=ð1þ Þ  2ð1 ÞaLSAT ; (2)
where  is the Poisson ratio of the material, aLSAT and af the
substrate and unstrained film lattice parameter. Assuming
that the Poisson ratio (x) of the quaternary compound
La1-xSrxVO3 can be linearly interpolated from the Poisson
ratio of the end member of the solid solution
ðxÞ ¼ LVOð1 xÞ þ SVOðxÞ; (3)
where LVO and SVO are the Poisson ratios for LaVO3 and
SrVO3, respectively, we obtain a non-linear relationship for
the composition dependence of the out-of-plane film lattice
parameter c(x) by substituting Eqs. (1) and (3) into Eq. (2).
Using the Poisson ratios LVO and SVO as fitting parameters,
an epitaxial mismatch corrected dependence of the out-of-
plane film lattice parameter was obtained for stoichiometric
La1-xSrxVO3 films shown as blue solid line in Fig. 4, which
yielded LVO¼ 0.398 and SVO¼ 0.214;23,29,37–39 the Poisson
ratio for SrVO3 matched previously reported values,
23,29
while the value of 0.398 for LaVO3 was within physically
reasonable values. The out-of-plane film lattice parameter
therefore provides a means to obtain the composition x of
stoichiometric La1-xSrxVO3 films without the need for RBS
measurements provided the growth window can be con-
firmed by RHEED.
To conclude, we have optimized the growth condition
for the quaternary compound La1-xSrxVO3 by hMBE as a
function of composition x using a combination of XRD,
RHEED, AFM, and RBS. Unlike the ternary end members
of the solid solution, where a growth window was identified
FIG. 3. Growth window evolution for PVTIP versus x extracted from
reflection-high energy electron-diffraction patterns shown in Fig. SI 2
(supplementary material). Red circles and blue squares indicate the bound-
aries between the growth window and V-rich and V-deficient growth condi-
tions, respectively. The grey shaded area indicates the range of stoichiometric
growth conditions.
FIG. 4. Out-of-plane lattice parameter versus composition x for V-deficient
(blue stars), stoichiometric (black triangles), V-rich (red circles)
La1-xSrxVO3 films. The solid blue line shows the mismatch corrected out-of-
plane film lattice parameter dependence on the film’s composition x.
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from the changes in the film lattice parameter as a function of
PVTIP pressure, a significant change in film lattice parameter
of La1-xSrxVO3 with x¼ 0.30 was only found for V-deficient,
but not for V-rich growth conditions. The boundary between
stoichiometric and V-rich side conditions was thus identified
by an increase in film thickness, degradation of the RHEED
pattern, and changes in the surface morphology observed in
AFM. The growth window changes were mapped as a func-
tion of A-site composition x using RHEED. A composition
series with stoichiometric La1-xSrxVO3 was grown and La/Sr
ratio was extracted using a lattice mismatch corrected expres-
sion for the out-of-plane film lattice parameter, which was
found in good comparison with RBS measurements. The sim-
plified scheme to utilize RHEED for the identification of a
growth window combined with the extraction of A site com-
position from XRD provides an effective and straight forward
strategy to map out stoichiometric growth conditions using a
single calibration sample and determine the film’s actual
composition, paving the way to optimize technologically rel-
evant quaternary oxide systems, such as high-TC supercon-
ductors, piezo- and ferroelectric materials and charge ordered
systems exhibiting colossal magnetotransport phenomena.
See supplementary material for RBS data and methods
and extended RHEED analysis.
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